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1. Introduction

Adverse cold weather conditiomaost notably snow and ice, threaten surface
transportation nationwide and impact roadway safatybility and maintenance costs (Pisano et
al. 2008; RWMP 2018). During the period from 2082, weather-relategehicular crashes
accounted for 22% (1,258,978 crashes) of all reploctashes, resulting in 16% (5,897) of crash
fatalities and 19% (445,303) of crash injuries. Theted States Department of Transportation
(USDOT) National Highway Traffic Safety Administiah (NHTSA) estimates the total
economic and societal cost of all vehicular crash&910 in the United States was $836 billion
(Blincoe et al. 2015; NHTSA 2018). This total indks $242 billion in maintenance and
congestion costs and $594 billion from injuries &g of life. Weather-related vehicular
crashes alone may account for approximately $180rbnationwide, given the relative
percentage of such crashes.

Snow and ice reduce pavement friction and vehidaeuaverability, causing slower
speeds and reducing roadway capacity. In factnowyg or slushy pavement, average arterial
speeds decline by 30-40% (RWMP 2018). Highway speeel reduced by 3-13% in light snow
and by 5-40% in heavy snow. In addition to redutiiospeed, lanes and roads can be
obstructed by snow accumulation, which reducesagpg@.e., traffic counts; Call 2011) and
increases travel time delay. Snow and ice alseas® road maintenance costs. Winter road
maintenance accounts for roughly 20% of state dieyasats of transportation (DOTS)
maintenance budgets. Annually, state and local@geispend more than two billion dollars on
snow and ice control operations and millions ofafslto repair infrastructure damage caused by
snow and ice (RWMP 2018). Given the nature of aslveold weather events (e.g., showstorms,
ice storms), it is prudent to mitigate the impaaftsuch events on roadways and allocate
resources to reduce their severity.

Evaluating the performance of mitigation stragsgmplemented as part of winter
maintenance operations requires consideration afivee conditions, the state of the road
network, the maintenance efforts undertaken fawargstorm, the resulting road conditions and
the interactions among these factors. The mairdasige in evaluating this performance is that
weather is inherently variable, and its variabittymplicates assessments of the relative
efficiency and effectiveness of different winterintanance operations (e.g., meeting levels of
service standards, salt reduction, budget targéterefore, in pursuit of an evaluation metric for
winter maintenance operations, a critical need mssess the severity of individual storms
through a winter severity index (WSI).

This analysis allowed development of a WSI f& Hebraska Department of
Transportation (NDOT). This Nebraska Winter Seyenidex (NEWINS) incorporates various
surface and atmospheric data statewide acrossyeterperiod from July 2006 through June
2016. A literature review and companion survey ed critical background information
regarding historic and present WSIs to aid the lbgwveent of the NEWINS. From these data
and subsequent analyses, a single, statewide faleach of the ten winter seasons was
computed. A winter season is defined as any snbagalirring between 1 July of the first year
and 30 June of the subsequent year. For exammefaihoccurring between 1 July 2006
through 30 June 2007 would represent the 2006-@ewseason. The NEWINS is unique in that
it is a meteorologically-based WSI, rather thaated to transportation variables (e.g., accident



rate) which may or may not be associated with weratbnditions; however, the NEWINS
framework is developed with consideration of roagpacts and winter maintenance operations.
The NEWINS was computed for the entire state ofrbigka and individual transportation

maintenance districts within the state.



2. Literature Review

The available literature documenting existing WiSIdescribed in the following section.
First, transportation specific WSIs (Table 2.1) emasidered followed by discussion of
additional meteorological WSIs. The transportatfé8is are organized based on their
developmental similarities. Then, weather clasatfan schemes are considered for the
framework of the NEWINS. Last, winter maintenanpemtions and meteorological data sets
used in existing WSIs and their limitations are sidared.

a. Existing State Department of Transportation Wirgererity Indices

The literature documenting existing WSIs depicksghly variable myriad of approaches
typically developed for specific state DOTs. Tablé summarizes the documented state DOT
WSIs. In total, 19 states have made available decgation regarding their WSI. The remaining
31 state DOTs have either not made available dootatien regarding their WSIs or do not
have a WSI. Connecticut and Vermont have winteesgvindices presently in development
(Kipp and Sanborn 2013; Mahoney et al. 2015). lgstVSIs were often developed with
relatively small data sets (e.g., less than siations) and/or limited time frames (e.qg., single
month and/or winter season) with some notewortlogptions (Strong et al. 2005). Few WSIs
have considered a winter storm classification fraor&, though several weather classification
schemes exist (e.g., Fujita 1971; Simpson 1974jrKaxed Uccellini 2004; Cerruti and Decker
2011; Edwards et al. 2013). Automated Surface Q@bsgSystem (ASOS) stations serve as the
primary source for many WSiIs in addition to Roadaitier Information System (RWIS) stations
(Strong et al. 2005). As such, air and road tentpera, snowfall, wind and freezing rain data
are the most common/important variable inclusiong/iSI development. Given the literature, it
is important for most of these variables to beudeld, or at least considered, for the NEWINS.



Table 2.1.Summary of known documented state DOT WSiIs.

WSI / Air Road Snowfall Freezing Wind Storm- Sub- Dependent

States Temp. Temp. Rain Based Regions Variable
Strategic X X None
Highway
Research
Program
(SHRP),

KS, NH

IN, MN, X X X X None
Wi

IL, MA, X X X None
ME, PA,

WA

NY, OK, X X X X X X None
uT

CA, MT, X X X X Accident
OR Rate
CO, ID X X X X Grip

1A X X X X None



b. Additional Winter Severity Indices

Many existing WSIs have been developed specifidalifransportation-related purposes
over relatively short time scales. Non-transpaotatiVSls have been developed for a wide array
of uses such as deer hunting (MNDNR 2018) and eyerid the scope of this work; however,
other meteorological WSIs with no specific intendiseé are mentioned herein. The
Accumulated Winter Season Severity Index (AWSSlyfead et al. 2015) represents a purely
climatology-based meteorological WSI. The AWSSI waseloped for over 50 locations in the
United States to provide seasonal winter seveatyas during the period from 1950 through
present day (MRCC 2018). Daily points are assigonedpecific locations in the AWSSI for
predefined thresholds of minimum and maximum amgeratures, snowfall amounts and snow
depth. These points are accumulated for an entiteemnseason to produce a final score that is
associated with a given location’s winter severliyese final scores are sorted into a categorical
range to report final classifications (i.e., midopderate, average, severe, extreme). While the
AWSSI is a temporally robust WSI, an important liation is that it is computed on a point-by-
point basis. It would be necessary to interpolatgev severity values between points computed
by the AWSSI. Another caveat of the AWSSI is thatssesses conditions throughout the entire
winter season, not specific to an individual wirgdearm. This aligns with many of the state DOT
WSiIs as well; however, winter maintenance operateme more aligned with specific events
rather than an entire winter season. A criticatussion during the development of the AWSSI
concerned the definition of a winter season. Badstt al. (2015) note several different
definitions for the beginning and end of a winteason. For example, meteorologically /
climatologically winter is defined as the monthsDefcember, January and February; however,
winter events commonly occur outside of this tineeiqd. Further, the onset and cessation of
winter varies substantially geographically. The ABV8efined the onset of a winter season once
any one of three criteria were met: 1) daily maximiemperature below 32(0°C), 2) daily
snowfall in excess of 0.1 in. (0.25 cm), or 3) aaye after 1 December. Similarly, the AWSSI
defines the end of a winter season based on wieelashof any four criteria are satisfied: 1)
daily maximum temperatures rise above 3®°C), 2) no measurable daily snowfall, 3) snow
depth drops below 1.0 in. (2.5 cm), or 4) any ddter 1 March. An advantage of this winter
season definition is that it provides a concisegtgperiod for consideration of overall winter
severity. A limitation of this definition is thatt could omit early/late season snowfalls and/or
cold outbreaks. Defining the winter season is @luor the success of any WSI.

The NWS is experimenting with a prototype Winteor§t Severity Index (WSSI; WPC
2018) to better communicate impacts associatedwiitter storms as part of its strategic plan
calling for an increase in decision support sewvigeutz and Gibson 2013). The framework for
the WSSI uses a categorical framework to discussnsseverity and impacts (i.e., none, limited,
minor, moderate, major and extreme). Unlike the AN&d many state DOT WSIs, the WSSI
is specific to individual snowstorms. The composesftthe WSSI include snow amount,
blowing snow, ice accumulation, flash freeze araugd blizzard. An event-driven,
meteorological index is desirable for the developtwd the NEWINS and complements the
ongoing refinement of the WSSI.



c. Winter Maintenance Operations and Weather Data

Existing WSIs and winter storm classifications retytransportation and meteorological
data. Transportation data from state DOTs incleegdent rate, personnel hours, winter
maintenance operations costs, traffic speeds amatgcand grip measurements (Strong et al.
2005; Jensen et al. 2013; Blincoe et al. 2015; Wakl6). State DOTs use their various data
sets to assess the performance of their winterter@ance operations. In many instances, these
data are also correlated with the state DOTs’ V88th WSiIs that are closely related to
transportation data (e.g., California, Montana, @negon; Strong et al. 2005) are limited in their
ability to represent the meteorological conditipnssent. Meteorological WSIs such as the
AWSSI and WSSI that exclusively consider surfaca amospheric weather parameters
(Boustead et al. 2015; WPC 2018) are more suitgudweide a meteorological diagnosis of
severity. Such WSIs, though, rely on accurate nmetegical data to be reliable.

For the development of the NEWINS, temperaturengalband wind data will be of
critical importance. Road temperature and freeramg data are omitted from the development
of the NEWINS despite their desirability, due teitHack of reliability and availability for the
entire ten-year study period. To capture the sgverfluences of individual events, a categorical
storm classification framework (e.g., Kocin and elioi 2004; Boustead et al. 2015) is
desirable over a seasonal/annual averaged appf@achStrong et al. 2005). Despite lowa’s
well documented WSI, it lacked consideration obhmverage, precipitation rate/intensity,
event duration and visibility, all of which wereeidtified by NDOT personnel as desirable for
inclusion in the NEWINS. Further, given the desaethe NEWINS to serve as an independent,
meteorologically driven WSI, it is developed separfeom winter maintenance operations data
unlike other WSis (e.g., California, Montana, Oneg8trong et al. 2005). The strengths of the
NEWINS is that it independently and explicitly catexs the individual contribution of select
meteorological parameters spatiotemporally durignis, and the combined influence of these
parameters yield a storm classification frequenstribution that is accumulated throughout a
winter season. The NEWINS provides a finer resofuthan the most existing WSiIs by
considering storm-level data. Further, the NEWIN&UEes on meteorological conditions and
can subsequently be compared independently witispi@tation and winter maintenance data.



3. Methods

The development of the NEWINS first considers tiuelg region and data sets used to
define the winter season database. Next, data reareag and quality control criteria were
established to ensure a high-quality data setvididal events were classified in accordance with
the NEWINS categorical framework. Last, the NEWIN&s computed and validated against
winter maintenance performance data and additioredorological data.

a. Study Region and Data

The study region for the development of the NEWIM& defined by the state boundaries
of Nebraska. and the eight NDOT maintenance dtst(Figure 3.1). Atmospheric variables for
the NEWINS were obtained from the National Oceamd Atmospheric Administration
(NOAA) National Centers for Environmental Infornati (NCEI) for all ASOS stations within
Nebraska (NCEI 2017a). Hourly data obtained fromAl$OS stations included: station name,
station elevation, station latitude, station lond#, wind speed, wind gusts, wind direction,
cloud cover, visibility, present observed weatla@rtemperature, dew point temperature, sea-
level pressure, station-pressure, and liquid-edentgrecipitation every hour, six hours, and 24
hours (NCEI 2017a; NWS 2018).

Snowfall observations for the NEWINS were obtaifredn the Global Historical
Climatology Network-Daily (GHCN-D) sites within Nedska (NCEI 2017b). The GHCN-D
sites include data from the Community Collaborafaen, Hail and Snow Network (CoCoRaHS
2018), the Nebraska Rainfall Assessment and Infoom&letwork (NeRAIN 2018), and the
NWS Cooperative Observer Network (COOP 2018) oladems. The majority of the GHCN-D
sites record once-daily 24-hour snowfall amountasue=d at approximately 0700 local time
(LT); however, there can be some temporal varighii the actual measurement time. Given
this variability, it is necessary to define a mooasistent daily event period. There are
approximately 1000 GHCN-D sites statewide.
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Figure 3.1.State of Nebraska counties with eight Nebraskaaiepent of Transportation

(NDOT) maintenance districts outlined in the thiotack line. The 35 red dots indicate
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b. Data Management and Quality Control

The abundance of data and having an objectieasare stringent criteria for the analysis
required various quality control procedures prothte development of the NEWINS. Initially,
39 ASOS stations were included in the analysis;édwar, the quality control procedures reduced
this number to 35 stations. Four ASOS stations wareved from the analysis because either:
1) the station did not have an operational preaijoih identification sensor for all or part of the
ten-year period or 2) the station had missing tatanore than one entire winter season (Table
3.1). The ASOS stations in Columbus (KOLU) and Kegr(KEAR) were removed for failing
to have an operational Pl. ASOS stations in BKBTA) and Wahoo (KAHQ) were removed
since their available data did not extend throunghentire ten-year period. Plattsmouth (KPMV)
and Wayne (KLCG) each had a single winter seasevhinh no data are available; however, the
stations were included in the overall analysiseAfuality control, the number of ASOS stations
per NDOT district ranged from three stations intbé$s 7 and 8 to six stations in District 4
(Figure 3.1). Spatially, the ASOS stations werérihated throughout the NDOT districts to
reasonably capture the range of spatial varialititgtmospheric conditions.

Hourly ASOS station observations were only incogped into the analyses if the Pl
detected frozen precipitation (i.e., snow, icegdslimixed precipitation). Freezing rain was not
considered in the analyses due to challenges atedavith verification of ice accumulation
(Changnon and Creech 2003) on spatiotemporal soateEssary for the research objective. For
any 24-hour period, it is possible for only a sengbur of observations to be included if that was
the only instance of frozen precipitation identifidt is also possible for several discontinuous or
continuous hours to be included if the precipitatieas more intermittent or steady, respectively.

Quality control for these hourly frozen precipitatiobservations included the
computation of dewpoint depression which is théedénce between observed air and dewpoint
temperatures. Hourly observations were removed tranwinter season database if their
dewpoint depression exceeded a difference of @®.7°C). As noted by Jiusto and Wieckmann
(1973), extreme dewpoint depressions would notyiemendous moisture availability for
frozen precipitation. It is believed that such erte dewpoint depressions would either be the
result of sensor error or indicative of exceptibnaght snowfall.

The GHCN-D sites used in the analysis were onlgcied if the observation was within
an approximate 9 mi. (15-km) spatial thresholdroR&OS station (Figure 3.2). This was
intended to ensure spatial consistency betweealiberved snowfall and the atmospheric
conditions present during the snow accumulatiorogefFurther, given the interest in snowfall
amounts that would require a winter maintenanceatipms response (i.e., plowing of
measurable snow), GHCN-D sites were removed isttmvfall observations were either
missing. To be included in the NEWINS winter seadatabase, GHCN-D sites had to report a
measurable snowfall amount.

After quality control, the ASOS station and GHCNsie data were subsequently merged
into a winter season event database. For eachidaidy ASOS station observations in which
frozen precipitation was detected were paired @4tkhour snowfall amounts from the GHCN-D
sites that adhered to the spatial and tempora&r@itThe snowfall observations and number of
hours of ASOS station data for each date and locadair were used to derive a snowfall rate
variable by dividing snowfall amounts by the numbghours with frozen precipitation
observed. Given the derived nature of the snowdiédi variable, rates in excess of 3 irt (if.62



cm hrt) were removed, given the climatological infrequen€such extreme rates in Nebraska
as previously documented by Rasmussen et al. (18@8®ther derived variable was “district
area” to provide a spatial context for the snowfalktrict area was computed by dividing the
number of ASOS stations reporting frozen precitabn a given date in a particular NDOT
maintenance district by the total number of ASC#iehs possible within that district. Statistical
parameters (i.e., minimum, maximum, mean, and mgdvare computed for all of the available
variables from the ASOS stations, GHCN-D sites deaved variables.



Table 3.1.Automated Surface Observing System (ASOS) statitormation organized by
NDOT Maintenance District. Removed column idensifigations omitted from the analysis after
quality control.

NDOT Station  City Name USAF Lat. Lon. Elev. Time Removed

District ID ID (°) (°) (m) Zone
1 BIE Beatrice 725515 40.28 -96.75 403 Central
1 FNB Falls City 725533 40.07 -95.58 300 Central
1 LNK Lincoln 725510 40.85 -96.77 364 Central
1 AFK  Nebraska City 725541 40.60 -95.85 354 Central
1 AHQ Wahoo 720942 41.23 -96.60 374 Central X
2 BTA Blair 720405 41.42 -96.12 396 Central X
2 FET Fremont 725564 41.45 -96.52 367 Central
2 OFF Bellevue 725540 41.12 -95.92 319 Central
2 OMA Omaha 725500 41.32 -95.90 312 Central
2 MLE Millard 720308 41.20 -96.12 320 Central
2 PMV Plattsmouth 722291 40.95 -95.92 367 Central
3 BVN Albion 723441 41.73 -98.05 551 Central
3 oLu Columbus 725565 41.45 -97.32 440 Central X
3 OFK Norfolk 725560 41.98 -97.43 470 Central
3 TQE Tekamah 725527 41.77 -96.18 312 Central
3 LCG Wayne 722241 42.25 -96.98 436 Central
4 AUH Aurora 725513 40.88 -98.00 550 Central
4 GRI Grand Island 725520 40.97 -98.32 561 Central
4 HSI Hastings 725525 40.60 -98.43 591 Central
4 HJIH Hebron 722124 40.15 -97.58 447 Central
4 EAR Kearney 725526 40.72 -99.00 649 Central X
4 ODX Ord 725524 41.62 -98.95 631 Central
4 JYR York 725512 4090 -97.62 509 Central
5 AlA Alliance 725635 42.05 -102.80 1196 Mountain
5 CDR Chadron 725636 42.83 -103.10 1010 Mountain
5 IBM Kimball 725665 41.18 -103.68 1501 Mountain
5 BFF Scottsbluff 725660 41.87 -103.58 1203 Mountai
5 SNY Sidney 725610 41.10 -102.98 1307 Mountain
6 BBW Broken Bow 725555 41.43 -99.63 776 Central
6 LXN Lexington 725624 40.78 -99.77 734 Central
6 LBF North Platte 725620 41.12 -100.67 847 Central
6 OGA Ogallala 725621 41.12 -101.77 999 Mountain
6 TIF Thedford 722211 4197 -100.57 892 Central
7 HDE Holdrege 725628 40.45 -99.32 705 Central
7 IML Imperial 725626 40.52 -101.62 998 Mountain
7 MCK McCook 725625 40.20 -100.58 782 Central
8 ANW Ainsworth 725556 42.57 -100.00 789 Central
8 ONL O'Neill 725566 42.47 -98.67 619 Central
8 VTN Valentine 725670 42.87 -100.55 788 Central




Figure 3.2.Southeast Nebraska counties with four Nebraskaeent of Transportation
(NDOT) maintenance districts visible outlined ir tthick black line. The red dots indicate
Automated Surface Observing System (ASOS) statibing.blue triangles show Global
Historical Climate Network-Daily (GHCN-D) sites Wit approximately 9 mi. (15 km) of the
ASOS stations that had sufficient data for the ysisl



c. Event Classification

In close consultation with the NDOT, the followimariables were selected for the
development of the NEWINS: 1) wind speed, 2) vigii3) air temperature, 4) duration of
snowfall, 5) snowfall, 6) snowfall rate, and 7)tdist area. These variables were selected on the
basis of their reliability from the instrumentationaddition to their importance / impact on
NDOT’s winter maintenance operations. For inclusiothe winter season database, these
weather variables were averaged across each ND@ianance district from the available
merged ASOS station and GHCN-D site data for eaté. Gurface (i.e., RWIS) temperature
data are not sufficiently quality controlled (Wallkend Anderson 2016) and were not available
for the entire historical ten-year period and wierefore not included in the development of the
NEWINS.

NDOT communicates extensively with its local NW3a#s, and it was desirable to
create a winter severity index that mirrored erggtand possible future NWS products such as
the SPC Convective Outlook Severe Thunderstorm Ratkgories (SPC 2016), experimental
winter storm threat graphics (NWS 2016), or expenital winter storm severity index (WPC
2018). To this end, in consultation with NDOT, &egporial road weather and winter
maintenance operations framework was developedrt@ ss the foundation for NEWINS
(Table 3.2). The objective was to classify indivatievents within the winter season database
into one of six categories from Category 1: trdo®, impact storms, no winter maintenance
operations activity to Category 6: high, signifitanpact storms, maximum winter maintenance
operations activity with possible suspensions reagsdue to safety concerns. This categorical
framework was designed with specific consideragmen to: 1) road access, 2) road conditions,
3) traffic speeds, 4) treatment operations, andBPT’s winter maintenance performance
objective. Road access is defined here as whetheotd is open and travel by the public is
permitted. Road conditions refers to the amounttgpe of precipitation accumulation within
the driving lanes ranging from wet roads to imphksdue to snow and ice coverage. Traffic
speeds addresses the likely impact of the weathetitons on free-flow travel speeds. NDOT
does not consider specific speed thresholds asraqurisite to define a meteorological impact as
impacts can occur at any speed (NDOT 2016, persamaimunication). Treatment operations
refers to NDOT'’s winter maintenance operationsvétats including but not limited to chemical
or material applications and mechanical plowingrfrenow removal. Lastly, NDOT’s
maintenance performance objective is to returnwagospeeds to within 10 mph (16 kmthof
the posted speed limit within six hours of pre@pdn cessation (NDOT 2016, personal
communication). The likelihood of attaining thagjexdive is incorporated into the NEWINS
categorical framework.

From the road weather/maintenance operations frameihe seven weather variables
selected for the NEWINS were placed into the saategorical framework (Table 3.3).
Snowfall, air temperature and district area westritiuted among the six categories to ensure
near-even separation across the range of eaclbharkeor example, each snowfall category
range varies between 1-2 in. (2.5-5.1 cm) or eactemperature category contained a 5
(2.8°C) range, excluding the minimum and maximuregaries. Snowfall rate, duration and
visibility were distributed among the six categerie ensure near-even frequency of
observations within each category. Last, wind spe&sl distributed among the six categories
loosely based on a modified Beaufort wind scaleQ2B18). Table 3.4 shows the specific



distribution of each weather variable and its catiegl assignment. Cerruti and Decker (2011)
proposed a similar approach in the developmertef t WSS.

The NEWINS joins a vast array of WSIs, each witkitlown respective strengths and
caveats. As seen from the SHRP WSI (Boselly €t993), the best approach is for a WSI to be
tailored specifically to the needs of the state D&iice broad, versatile WSIs are often
inaccurate due to their simplicity or lack of acnbtng for localized conditions. Given that the
NEWINS was designed with respect to a decadal wsdason database, it surpasses the SHRP
WSI in terms of considering local and regional veatvariability. Further, given the ten-year
development period, the NEWINS is surpassed onlthbyAWSSI (Boustead et al. 2015) in
terms of its historical period. Further, with timelusion of 35 ASOS stations distributed
throughout eight transportation districts, the NESIprovides a greater station density than the
AWSSI which considers only approximately 50 locatidghroughout the United States.
Important differences between the NEWINS and AWA&ith highlighting are that the
NEWINS averages conditions across all ASOS statiatien each district and throughout the
state to derive a categorical frequency distributiad subsequent severity value. The AWSSI
only computes a severity value for point locatifBsustead et al. 2015). Another important
difference is that the AWSSI considers daily cands throughout the entire winter season
whereas the NEWINS only considers the conditiorsiarpacts associated with specific
snowstorms. One final difference is that the AWE&8#hblishes strict criteria to define the
beginning and end of a winter season whereas thWWINE is more flexible and allows for the
precipitation type (i.e., frozen precipitation)dwtate the temporal boundaries of the winter
season. Both approaches are relatively transfertalther applications.
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d. Winter Severity Index Computation and Applications

An important challenge to overcome with the categbframework is that for any given
event during a winter season, the magnitude oiether variables can be quite different for a
single maintenance district or across several reaarice districts experiencing the same event.
In consultation with NDOT personnel, appropriataghés for the seven weather variables were
developed so that a linear combination would yaekingle storm categorical classification
(Table 3.2) for each event at the district level. @) provides the general form of the NEWINS
event category. Each weather variable is averagegsthe maintenance district and assigned a
category based on Table 3.4. Categories for eaatherevariable are subsequently used in Eq.
(1) in lieu of the raw data. This results in theWHES event categorical frequency distribution.
Table 3.5 provides the final weights assigned theweather variable category.

x P v &1 1)

From the categorical frequency distribution, tmafiNEWINS value is computed

according to Eq. (2).
0* +,-/01234 5%0670894: B

This provides the final statewide NEWINS value d&agiven season. It can also be used
to compute an NEWINS value for each individual ND@dintenance district which can be
summed to yield the same final statewide value.mhthematical linear combination /
parameter weighting framework of the NEWINS is $amto that used by Wisconsin,
Minnesota, Indiana, lllinois, and Pennsylvaniatfair respective WSIs (Cohen 1981; Strong et
al. 2005). An important difference, though, is ttree mathematical framework incorporates a
categorical framework. Unlike the aforementionedI8y8ough more similar to lowa
(Carmichael et al. 2004; Nixon and Qui 2005; Strehgl. 2005; Qui 2008; Walsh 2016), the
NEWINS is an event-based WSI. It considers spesifimwstorms in its computation.
Limitations of lowa’s WSI, though, are that it dogst consider a complete set of relevant
variables important to winter maintenance operati@ng., areal coverage, duration, snowfall
rate, visibility) unlike the NEWINS. In terms ofdeependent variable, the NEWINS is
substantially different from the California, MonggrOregon, Idaho and Colorado WSIs (Strong
et al. 2005; Jensen et al. 2013; Walsh 2016) initiima pure meteorological index (like the
AWSSI) and not related to accident rate or grip suneaments. It is feasible for future correlation
of the NEWINS to transportation-related variablesywever, no such data are presently available
over the entire historical period.

To ensure the reliability of the NEWINS and its gmments, several different indices
were computed and subsequently compared to the NSWAn initial snowfall-based index
was computed statewide and for each NDOT maintendistrict by comparing the number of
days with observed frozen precipitation as idegdifirom the ASOS station data (i.e., show
days) to the number of days with observed snowraatation as identified from the GHCN-D
site data (i.e., snowfall days). A second snowfalted index was computed statewide and for
each maintenance district comparing each wintesasea total accumulated snowfall to the ten-
year average snowfall accumulation. For an indepehdimate-based index, temperature and
precipitation anomalies were obtained from the NOXBEI climate division (Figure 3.3) data
(ESRL 2017). Nebraska contains eight climate distnivhich roughly align with NDOT’s eight



maintenance districts. Additionally, applicatiorfgitee NEWINS were performed including an
example correlation of 2015-16 winter season stdassification to available NDOT traffic
speed data, and an analysis of a winter season20.#6-17) beyond the decadal winter season
database used for the development of the NEWINS.



Table 3.5.NEWINS event category linear combination equati@ights.
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Figure 3.3.NOAA NCEI Nebraska climate districts (CPC 2018).



4. Results and Discussion

Multiple tasks led to the development of the NEWIAI®I are presented by subsections
within this chapter. To provide context and hightithe strengths of the NEWINS, the first task
was a comparison analysis of various meteorologncites. The second task was the
development and refinement of the NEWINS eventsifi@ation and mathematical formulas.
Furthermore, the third task provides a more inddephsideration of the NEWINS at the
statewide and district levels given the intendesl aithe NEWINS by NDOT. To apply the
NEWINS, the fourth task compared the NEWINS to 2@65~vinter maintenance performance
data across NDOT'’s Interstate 80 test sections fihaetask will ensure the reproducibility of
the NEWINS methods by computing and comparing 065217 winter season values to the
decadal (i.e., 2006-2016) winter seasons.

a. Comparison Indices

Comparison indices were computed to provide aduadicontext for the NEWINS. Some
severity indices (e.g., Cohen 1981; Kocin and Usue&t004; Strong et al. 2005) consider the
spatial distribution of accumulated snowfall thrbagt an event or entire winter season.
Therefore, snowfall-based indices were computeg\stde and for each NDOT maintenance
district by comparing the annual frequency disthidiu between the number of days with
observed frozen precipitation as identified frora &50S station data (i.e., snow days) and the
number of days with observed snow accumulation, Greowfall days; frozen precipitation
accumulation of 0.1 in. [0.25 cm] or greater) aanitified from the GHCN-D site data within 15
km of an ASOS station (i.e., snowfall days) forleasnter season (Figure 4.1 and Table 4.1).
An important caveat to note with this approactha snow reported at a single ASOS station or
GHCN-D site within a NDOT District of any duratievould be sufficient to count as a snow or
snowfall day, respectively. Statewide, the decadeasge number of snow days was 116.9 days
(Figure 4.1 and Table 4.1). This indicates thatlherten-year period, on average, somewhere
within the state receives snowfall nearly one-tlufdhe year. The annual variability in snow day
frequency ranged from 76 days during the 2011-IRawiseason to 146 days during the 2009-10
winter season. By this measure, it can be statd009-10 was the most severe winter season
in the ten-year winter season database and 201da42he least severe if only number of days
that snow was observed is taken into considerafiothe NDOT maintenance district level, the
decade average snow day frequency ranged fromdé4slin District 1 (i.e., southeast
Nebraska) to 74.1 days in District 5 (i.e., westdabraska). Inter-annual variability in snow day
frequency can be seen among the maintenance tisisavell. For example, District 3’s highest
snow day frequency occurred during the 2012-13eviséason whereas the statewide highest
was the 2009-10 winter season (Table 4.1). Allrdist observed their lowest snow day
frequency during the 2011-12 winter season. Thisisbency among the districts suggests that
the 2011-12 winter season was a lower frozen pitatipn year relative to the others. Snow day
anomalies (Table 4.2) were computed statewide anédch district as well. Statewide, the
largest positive snow day anomaly occurred durmeg2009-10 winter season and the largest
negative snow day anomaly occurred during the ZlA fvinter season. For the maintenance
districts, while the largest negative anomaliesencamsistent with the 2011-12 winter season,
the positive anomalies were more variable. For e@tanDistrict 1's largest positive snow day
anomalies occurred in both the 2007-08 and 200@4tter seasons (Table 4.2). Similarly,
District 8’s largest positive anomaly occurred dgrthe 2013-14 winter season (Table 4.2).



Snow days considered only observed frozen pretipit whereas snowfall days
considered frozen precipitation accumulation. Sradivafays statewide averaged 71.3 days
during the decade (Figure 4.1 and Table 4.3). Tétewide range in snowfall day frequency was
a minimum of 44 days during the 2011-12 winter saand 87 days during the 2007-08 winter
season. By this measure, the 2007-08 winter seaasrthe most severe during the period, while
the 2011-12 winter season was the least severs.dlfference would suggest that while there
was a higher frequency of days with snow during20@9-10 winter season, that snow tended
not to accumulate on all days. Further, this défere in the most severe winter season between
the two methodologies highlights the necessity wicgie robust winter severity index that
assesses details regarding individual storms. Antleaglistricts, decadal average snowfall day
frequency ranged from 22.9 days in District 1 ta04days in District 5. This result paired with
the snow day frequency demonstrates that the egsaet of the state receives on average
approximately half the number of snow/snowfall dagghe western part of the state. This
guantification could be beneficial to NDOT for therposes of budgetary planning among the
different maintenance districts. Snowfall day anbesa(Table 4.4) further agree with the 2011-
12 winter season as the least severe during thedpeith the largest negative anomaly. The
snowfall day anomalies would rank the 2007-08 wistsason as the most severe and the 2009-
10 winter season, which observed the largest pesiinomalies in snow day frequency, would
be ranked third behind the 2013-14 winter season.

The percentage reduction between snow and sriadefigs is an important statistic for
winter maintenance operations (Table 4.5). NDOE@enel state that their operations prepare
for a forecast threat of snow and deploy once sbegins (i.e., operations deploy on snow days).
The statewide decadal average percentage redumstareen snow and snowfall days suggests
that 39.0% of the times it snows, the snow doesasnoimulate. From a winter maintenance
operations standpoint, this could equate to a gavimunnecessary deployment expenses. The
statewide percentage reduction ranges from 30.4%glthe 2015-16 winter season to 45.6%
during the 2006-07 winter season. At the disteeel, decadal percentage reductions range from
36.6% in District 5 to 57.8% in District 8. The higariability in these results further highlights
the need for a winter severity index which captunesvidual events during the winter season
rather than a frequency distribution of days witbw falling versus accumulating.

One final snowfall-based index was to observentimter seasonal accumulated snowfall
(Table 4.6). The decadal average statewide snow&s|42.6 in. (108.2 cm) with a range from
24.1in. (61.2 cm) during the 2011-12 winter sea®o®0.2 in. (152.9 cm) during the 2009-10
winter season. This result aligns with the snow flaguency distribution that would suggest the
most severe winter season was 2009-10 and theseaste was 2011-12. The average decadal
snowfall at the district level ranged from 30.3(n6.9 cm) in District 1 to 68.12 in. (173.0 cm)
in District 5. This result also aligns with the srisnowfall day distribution between the eastern
and western regions of the state. Snowfall anom@liable 4.7) illustrate further spatial
variability using snowfall-based winter severitylices. Statewide, the largest positive anomaly
occurred during the 2009-10 winter season andatye$t negative anomaly occurred during the
2011-12 winter season. However, at the districtllewhile large negative anomalies were
consistent across all eight districts for the 2Q2Iwinter season, District 8 observed a negative
anomaly during the 2009-10 winter season whileréimeainder of the districts had large positive
anomalies. While the spatial variability in snoWdahsed indices supports a more robust, event-



oriented approach, it also highlights the worthetubnsideration of climate (i.e., temperature
and precipitation) anomalies across the statehfoten-year period as well.

In order to consider a longer, climatology-basetki) temperature and precipitation
anomalies were obtained from the NOAA NCEI climditasion data (ESRL 2017). Nebraska
contains eight climate districts which roughly aligith NDOT'’s eight maintenance districts.
Due to the lack of a perfect alignment; howeveg, tdmperature and precipitation anomalies
were accumulated across the eight climate distiicpsovide a statewide value for each winter
season. These anomalies would subsequently be cedwéh the aforementioned
snowfall-based winter severity indices and thelfiMBWINS.

For a climate-based index, precipitation and tepee anomalies were obtained from
the eight climate districts within the state of ketka (Figure 3.3) from October through April
of each winter season and averaged statewide (#ia®)leFor severity purposes, the anomalies
are ranked and larger positive precipitation anagsdi.e., more snowfall possible) while larger
negative temperature anomalies (i.e., colder wiratex associated with a higher winter severity.
For precipitation anomalies, the 2015-16 winteissa@aobserved the largest positive anomaly
(4.30 in.; 10.92 cm) while the 2014-15 winter seasbserved the largest negative anomaly (-
2.02 in.; -5.13 cm). From the snowfall data, thestreevere 2009-10 winter season ranks third in
the precipitation anomalies and the least sevet&-A@ winter season ranks sixth in
precipitation anomalies. These results providekstantrast to the snowfall-based indices.
However, while the 2015-16 winter season may hdsewed an abundance of precipitation, it
was not in the form of snow. For temperature an@sathe 2013-14 winter season observed the
largest negative anomaly (-1.46 -0.81°C) while the 2011-12 winter season obsethed
largest positive anomaly (5.18 2.88°C). This result agrees with the previoukirag of the
2011-12 winter season as the least severe seasuritie snowfall data. The 2009-10 winter
season ranks second in the temperature anomdlie4 (s -0.67°C) which is more in agreement
with the snowfall-based index as well. Given theatignment between climate districts and
maintenance districts, it was not feasible to cabdudistrict level anomaly comparison. The
snowfall and climate-based indices support theafigehybrid approach which considers
snowfall and temperature, in addition to other \Wweatwariables at the level of individual events.



Figure 4.1.Snow (i.e., frozen precipitation identified by AS@tations) days (left) and snowfall
(i.e., accumulation measured by GHCN-D sites) qeght) with respective averages (dashed
line).

Table 4.1.District and statewide total snow (i.e., frozeagpitation reported by ASOS) days.
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Table 4.2.District and statewide snow day anomalies. Blugtkes positive anomalies and gold
denotes negative anomalies. The largest positismahes are bold, and the largest negative
anomalies are italicized.
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Table 4.3.District and statewide total snowfall (i.e., acadation) days.
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Table 4.4.District and statewide snowfall day anomalies.eBlienotes positive anomalies and
gold denotes negative anomalies. The largest pesatiomalies are bold, and the largest
negative anomalies are italicized.
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Table 4.5.District and statewide percent reduction betwewws(i.e., precipitation) and
snowfall (i.e., accumulation) days.
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Table 4.6.District and statewide total seasonal snowfall.
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Table 4.7.District and statewide snowfall anomalies. Blueates positive anomalies and gold
denotes negative anomalies. The largest positigeahes are bold, and the largest negative
anomalies are italicized.
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Table 4.8.Average statewide decadal temperature and prat@itanomalies. For precipitation,
blue denotes positive anomalies and gold denotgative anomalies. For temperature, blue
denotes negative anomalies (i.e., colder, morerseanditions) and gold denotes positive
anomalies (i.e., warmer, less severe conditions. [&rgest positive anomalies are bold, and the
largest negative anomalies are italicized.
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b. Nebraska Winter Severity Index (NEWINS)

The first component of the NEWINS produced a catiegb(Table 3.2) frequency
distribution of classified events statewide anthatdistrict level (Figure 4.2 and Tables 4.9-
4.17) for each of the ten winter seasons withinstinely period. Statewide, the average number
of events was 246.7 (Table 4.9). The 2011-12 wisgason had the fewest events with 134, and
the 2007-08 and 2009-10 winter seasons were tiehédomost events with 305. From the
categorical framework, the distribution of eventsoas all winter seasons was right-
skewed/tailed (Figure 4.2). Trace (i.e., CategQrg\vkents were the most frequent while high
(i.e., Category 6) events were rare with severataviseasons observing none (Table 4.9). Slight
(i.e., Category 3) and enhanced (i.e., Categopvéints exhibited higher variability in their
frequency distributions. Some winter seasons olesiemvore enhanced events than slight (e.qg.,
2006-07, 2014-15 winter seasons), where othersaowtd very similar frequencies (e.g., 2008-
09, 2011-12, and 2015-16 winter seasons) betweetwih. Given the categorical assignment
(Table 3.2) and Eq. (1), the middle events ardylike overlap with one another as very subtle
changes could alter their classification. The ergrevents (i.e., trace and high) are more distinct
from one another and therefore do not exhibit agyréle of overlap. This is an important caveat
to note in both the frequency distribution and @uehfinal NEWINS seasonal values as well. At
the district level (Tables 4.10-4.17), District\leoall had the fewest events with a decadal
average of 22.9 while District 5 had the most vaittlecadal average of 46.6 events. This spatial
distribution aligns with the previous snowfall-bds#ata (Tables 4.1-4.7).

The categorical frequency distribution and evéassification component of the
NEWINS builds on the framework in the developmerihe NESIS (Kocin and Uccellini 2004)
and LWSS (Cerruti and Decker 2011). Cerruti anddee¢2011) observed a similar right-
tailed/skewed frequency distribution with highetegmry (i.e., impact) events exhibiting far



lower frequencies relative to lower category eveAtso, while the parameter weights differed
between the NEWINS and LWSS, both approaches gvmbst weight to the snowfall amount
parameter. As noted, freezing rain data lackedatsty through the ten-year study period and
was omitted during the development of the NEWINSike the LWSS which considered
freezing rain events. Future refinement of the NE® tould ensure freezing rain is
incorporated into the WSI. These additional improeets could also make the NEWINS
framework a candidate for NWS consideration inmSSI (WPC 2018). The consistency
between these results and the literature confieNBWINS frequency distribution and its
components given the similarities to a manual diaasion with a more numerous, independent
set of researchers.

The final NEWINS was computed via Eq. (2) to pdava single value for each winter
season statewide and at the NDOT maintenancedligtvel (Figures 4.3-4.4 and Table 4.18).
The statewide decadal average NEWINS value was B&5ed on the NEWINS values, the
least severe winter season was 2011-12 with a \dlBel9 while the most severe winter season
was 2009-10 with a value of 6.33 (Figure 4.3 andldd.18). These results generally align with
the snowfall-based winter severity indices. At tngrict level, the NEWINS value summed
across all districts would yield the statewide ealDistrict 1 has the smallest contribution on
average for the decade (0.44) while District 5thaslargest contribution for the decade (0.90) of
any one single district (Table 4.18). This ressilta be expected given the relative differences in
event frequency and snow/snowfall days betweemdlséern and western parts of the state. A
more detailed consideration of the district lev&WINS values also reveals that while the
2009-10 winter season was the most severe forrtie astate, individual districts’ most severe
winter seasons can be different. For example, Dists most severe was the 2010-11 winter
season with an NEWINS value of 0.83 (Figure 4.4 &able 4.18). Similar differences between
districts were observed in the snowfall-based wis&xerity indices and it is important that the
NEWINS also be able to capture the same level néabdity to be reliable. Moreover, this result
further highlights the challenge and difficulty r@presenting an entire state’s winter season with
a single severity index value.

In addition to seasonal and district values (Tdhl), the NEWINS was also computed
monthly (Table 4.19). Monthly NEWINS values demoats the broad variability between
winter seasons. For example, the 2014-15 wintessewas the only to record events during
September. Similarly, the 2011-12 winter seasonrtwaevents after February while the
remaining winter seasons had events at least thrapgl. In general, December, January and
February are the months with the largest contrdouto the overall winter severity across all ten
winter seasons. September and May are the monthghve smallest contribution to winter
severity during this same period. The most sevametimoccurred during the 2009-10 winter
season in December. This result aligns with thdifig of the 2009-10 winter season as being the
most severe during the period. The least severeémwaith any events occurred during the
2008-09 winter season in the month of May. Whiis thas not the least severe winter season
overall (i.e., 2011-12), it is expected that sayeat the seasonal boundaries (i.e., autumn-winter,
winter-spring) would diminish.

The advantages of the NEWINS become more appategrnt the NEWINS anomalies
(Figure 4.5) are compared with the aforementiomenvéall-based and climate-based index
anomalies ranked from most severe to least severath respective index (Tables 4.20-4.21).
For the snowfall-based anomalies (i.e., snowfalbants, snow days and snowfall days), there is



fair agreement that the 2011-12 winter season hatetst severe in the decade and the 2009-10
winter season was the most severe in the deca@eexideption is that for the snowfall days
anomaly, the 2009-10 winter season is ranked athittemost severe winter season. While there
is less consistency on the rank of each winteraseaseverity, there is fair agreement between
the cutoff threshold between positive (i.e., maeese) and negative (i.e., less severe) anomalies
for each winter season. The exception to this ik thie snowfall anomalies, particularly during
the 2015-16 winter season which did have a possinavfall anomaly (ranked third most

severe) but average (i.e., zero anomaly) NEWINBwstiay and snowfall day anomalies (ranked
seventh or eighth most severe).

As suggested from the frequency distributions |evtiiere is consistency among the least
and most severe winter seasons between the NEWHN Sreowfall-based anomalies, the
greatest variability is in the middle where suldliéerences in the variables of interest can
influence the rank of the winter seasons. WhileNE®VINS and snowfall-based anomalies both
exhibit this intermediate variability, one advargag that the NEWINS considers additional
variables (Table 3.4) and not simply event freqyesrcsnowfall amounts exclusively. For the
climate-based index anomalies (Table 4.21), tentperanomalies also exhibited a clear cut-off
between negative (i.e., more severe in the catagferature) and positive (i.e., less severe in
the case of temperature) anomalies for the correpg NEWINS anomalies. The precipitation
anomalies, though, did not exhibit any clear pattbat was in line with the observed NEWINS
or snowfall anomalies. A reason for this is thaqggpitation anomalies consider both liquid and
frozen precipitation; however, the NEWINS and otheproaches are only interested in the
frozen precipitation. A “wet” or “dry” winter seasdrom the climatological precipitation
standpoint can be very different than a “snowy” t@rn
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Figure 4.2. NEWINS winter season categorical event distrilbutio



Table 4.9.Statewide categorical classification frequencyriiation.
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Table 4.10.NDOT District 1 categorical classification frequgrdistribution.
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Table 4.11.NDOT District 2 categorical classification frequgrdistribution.
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Table 4.12.NDOT District 3 categorical classification frequgrdistribution.
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Table 4.13.NDOT District 4 categorical classification frequgrdistribution.
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Table 4.14.NDOT District 5 categorical classification frequgrdistribution.
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Table 4.15.NDOT District 6 categorical classification frequgrdistribution.
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Table 4.16.NDOT District 7 categorical classification frequgrdistribution.
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Table 4.17.NDOT District 8 categorical classification frequgrdistribution.
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Figure 4.3.NEWINS winter season values with decadal averblgek dashed line).

Figure 4.4.NEWINS winter season values with each districoatdbution.



Table 4.18.NEWINS district and statewide seasonal values.
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Table 4.19.NEWINS monthly values.
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Figure 4.5.NEWINS winter season anomalies with positive (blaed negative (red).
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c. NEWINS 2015-16 Winter Season Maintenance Perforen@atnparison

NDOT'’s performance objective for its winter ma&nance operations is to maintain
traffic speeds along the Interstate 80 corridaratbove 65 mph (29.1 mbsfor both directions
(i.e., eastbound and westbound) within six hourthefprecipitation ending (NDOT 2016,
personal communication). The 2015-16 winter se&H00OT performance data were available
for 15 events throughout the state (Table 4.22¥h@$e 15 events, seven resulted in the
performance objective not being met. Reasons fop#rformance objective not being met range
from truly severe weather conditions to vehiculasbes and necessary road closures. The
performance data for the 2015-16 winter seasonrglated to the individual NEWINS storm
classifications for each of the Interstate 80 aitdr(Table 4.22). The results show that, in
general, the performance objective was met for tam@act Category 1-3 events (e.g.,

16 November 2015, 16 January 2016), but not fondngmpact Category 4-6 events (e.g.,

15 December 2015, 1 February 2016). Some impoctargats were identified in this
comparison analysis. First, NDOT'’s event definitisbased on precipitation that causes a
maintenance response (e.g., wet snow, freezingpatential for icy roads) regardless of the
final snowfall accumulation (NDOT 2016, personateounication). Given that the NEWINS
only considers events with accumulated snowfails, tesults in events included in NDOT'’s
maintenance database that are missing from the NB/dhtabase (e.g., “NA” on 16 November
2015; Table 4.22). Future alignment of event debns is necessary to improve the usefulness
of the NEWINS. An additional caveat is that som& kvents result in performance objectives
not being met (e.g., 26 November 2015, Districtifjon discussion with NDOT, it was
revealed that this was due to the Wyoming DOT algdis roads due to significantly worse
weather conditions creating a backup of traffioiNiebraska (NDOT 2016, personal
communication). This is an important consideraasrthe NEWINS is a pure meteorological
index and does not consider transportation-releteidents (e.g., road closures, highway
crashes). NEWINS did exhibit skill in identifyingghmer impact/severity storms associated with
more numerous road instances of road closures.



Table 4.22.Interstate 80 corridor district-level 2015-16 winteaintenance performance
evaluation. NDOT’s event criteria (i.e., green aed boxes) was precipitation that resulted in
maintenance activity (NDOT 2016, personal commuiooy Green boxes indicate where the
performance objective was met. Red boxes indicaeravthe performance objective was not
met. The numbers within the boxes represent th&-2@lwinter season NEWINS storm
classification and “NA” denotes the storm failed\WWENS criteria. This could be due to several
reasons; for example, lack of accumulation (i@oysdays versus snowfall days), snow melted
before observation time, or freezing rain eventgtvivere omitted from the NEWINS.
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d. NEWINS 2016-17 Winter Season Application

The 2016-17 winter season NEWINS was computgutdeide further validation and
verification of the methods. From a categoricadjfrency distribution perspective (Figure 4.6),
the 2016-17 winter season was very similar to 0EL212 winter season (Figure 4.2). Both
winter seasons had a relatively low number of exedonsideration of the statewide and district
NEWINS values (Figures 4.7 and 4.8) shows that 2DA@&as well below average and rivaled
the 2011-12 winter season for the lowest sevdragt, consideration of the NEWINS anomalies
(Figure 4.9) provides further confirmation of th@lB-17 winter season’s place as the second
least severe winter after the 2011-12 winter seaSnnmportant consideration regarding the
addition of a new winter season is whether or hetaverage NEWINS value should be fixed
based on the decadal period or adjusted to accommadditional winter seasons. In the
decadal anomalies (Figure 4.5), the 2015-16 wsgason is slightly below average; however,
when considering the 11-year anomalies with ansaeljuaverage, the 2015-16 winter season is
slightly above average (Figure 4.9). This discrepydsa also apparent when considering a
snowfall accumulation-based index and comparin@gdalcversus 11-year averages (Table 4.23).
To prevent such variation as more winter seasangaorporated into the NEWINS, it is
recommended that the decadal average be fixedsursquent winter seasons compared to it.
Only after an additional decade has passed shbeldvwerage be considered based upon either
the new decade or the entire two-decade period.

The snowfall accumulation-based index also yialdsnteresting result when comparing
the least and greatest amounts at the district.IBee the 2016-17 winter season, Districts 1, 2, 4
and 7 observed their least snowfall amounts irlthgear period. Districts 3, 5, 6, 8 and the
entire state, though, observed the least snowfadluats during the 2011-12 winter season which
has previously been identified as the least seWstrict 8, however, had its highest seasonal
snowfall amount during the 2016-17 winter seasoitendll other districts observed markedly
lower amounts (Table 4.23). This is also appanetite district NEWINS values where District
8 has a larger contribution to the overall sevetilying the 2016-17 winter season (Figure 4.8).
This finding further supports the use of the NEWIN3ieu of snowfall-based indices given
such high variability in seasonal meteorologicalditons that must be captured.



Figure 4.6.NEWINS 2016-2017 winter season categorical evesttibution.

Figure 4.7.NEWINS winter season values with decadal (i.e0622016) average (black dashed
line).



Figure 4.8.NEWINS winter season values with each districoatdbution.

Figure 4.9.NEWINS winter season anomalies based on 11-yesaage with positive (blue) and
negative (red).



Table 4.23.Decadal and 11-year district and statewide totahgall.
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5. Summary and Conclusion

The winter severity index developed specifically RDOT is known as the NEWINS.
The NEWINS serves an integral role in providingrastependent, meteorological baseline for
ten winter seasons beginning in July 2006 througte 2016 for the state of Nebraska. Further,
through the development of the NEWINS, a wintemgategorical classification framework
was developed. This classification framework alldi@ a weighted linear combination of
seven key weather variables to create a frequeistiybaition of events for each winter season.
This frequency distribution ultimately resultedtive final seasonal NEWINS value. The
NEWINS values were also compared alongside snowéaked and climate-based index
approaches.

A literature review highlights best practices ftate DOTs regarding their needs,
sources, perceptions, and use of weather informatiaddition to the existence and application
of WSIs. The literature review highlights the ndeda continuous close partnership between the
transportation community and the weather enterposnsure forecast accuracy and WSiIs are
always refined, tailored to the needs of the er&t-aad caveats communicated. State DOTSs rely
on weather information typically in advance of arst for preparation purposes, while tactical
weather information during/after a storm is gerlgrad lesser importance. These findings
advocate for future research to focus on the fatetgaspect and allow WSiIs to have predictive
capabilities.

Consideration of the annual distribution of dayfhwabserved snowfall (i.e., snow days)
versus days with observed snowfall accumulati@n, (nowfall days) revealed an average 39%
reduction between the two for the ten-year peridakse results also revealed that the western
part of Nebraska receives twice as many days wibhvEall compared to the eastern part of the
state. From a snowfall accumulation perspectivewhstern part of Nebraska receives more
than twice the amount of snowfall as the easterth paconsideration of snow day, snowfall day
and snowfall amount anomalies underscore the $paiatemporal variability that the NEWINS
must consider. The snow data (i.e., days and ajsuggest the 2011-12 winter season was the
least severe compared to the 2009-10 winter seakmm was the most severe.

Climatological liquid precipitation and temperatam@omalies provided an additional
context for the NEWINS results. Liquid precipitatianomalies were not well aligned with the
snow anomalies and NEWINS results, likely due ®sdbmbination of both rain and snow
events in precipitation data. The temperature afiemishowed better alignment with the snow
data and NEWINS results, including a clear sepamatetween positive and negative anomalies
when compared to different winter season severities

The NEWINS results highlight the 2011-12 winters@aas the least severe and the
2009-10 winter season as the most severe duringftidg period. These two winter seasons
were also identified similarly by the other inderasures. The NEWINS also highlights the
spatial differences in winter severity, especiayween eastern and western regions of
Nebraska. More substantial differences and inctersty arose between the NEWINS and other
(i.e., snowfall-based and climate-based) index @pghres during the intermediate winter seasons
where subtle differences could alter a particuassn’s ranking. Inclusion of the 2016-17
winter season identified important consideratianrsain overall average, or baseline, NEWINS
value. A fixed average NEWINS ensures that theusioh of future winter seasons (e.g., 2016-



(*

17) does not influence the anomalies of existingt&riseasons (e.g., 2015-16). The average
should only be adjusted upon the addition of sé\{erg., five to ten) new winter seasons.

The overall strengths of the NEWINS are that itd)siders a wide range of surface,
ASOS-based meteorological variables, 2) incorpsrateategorical frequency distribution
framework related to weather impacts on road camttand winter maintenance operations, 3)
is robust and flexible enough to be computed eadithe statewide and district levels, 4) can be
continuously and easily modified to include addiabparameters such as freezing rain and road
temperature, and 5) can be easily correlated tivadna transportation data (e.g., traffic speeds,
winter maintenance operations costs) once available

The benefits of the NEWINS are that it allows ND@Tassess the performance of its
winter maintenance operations activities, resoatleations and other expenses with respect to
the severity, or magnitude, of each winter sealiOT’s goal is to efficiently maintain safety
and mobility for the public and commercial trangption interests. This information can be used
to increase efficiency in resource allocation araintenance operations, in addition to the
identification of conditions which would prompt theed for increases or reductions in assets.
Further, the NEWINS considers multiple weatherafales across spatiotemporal scales to
provide the best resolution of true winter seveintya framework that can be tailored to the end-
user needs. Moreover, it is flexible and robustugiato be transferred to other regions and
applications (e.g., modification of variables aneigint sensitivity for different industries).

Future avenues for research include adding a gregli¢orecasting value to the
NEWINS so that it can be used as a planning toaduition to a post-winter season assessment.
To this end, machine and deep learning algorithanstake advantage of the categorical
frequency distribution framework component of thHEWINS for future studies. Additional
prospects for the NEWINS include correlation to enavbust winter maintenance operations
data such as salt usage, personnel hours, lang phileed, crash data or costs. To accomplish
this, the NEWINS could be tailored to specific lboas and/or road segments for more
meaningful correlation with maintenance data. Gitlenpresent lack of freezing rain data in the
NEWINS framework, further work could include incorgtion of these data to allow for
consideration of all winter weather precipitatigpés. Last, the NEWINS framework can be
adaptive to provide meteorological guidance foedse sectors (e.g., renewable energy,
agriculture) and end-users (e.g., insurance adpjsteather derivative traders) to quantify their
exposure and sensitivity to atmospheric conditions.
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APPENDIX A: NEWINS Data Instructions and Procedure
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